Abstract: This paper presents a novel robust control method for aircraft with potential system uncertainties such as parametric perturbations, external disturbances, and uncertainties due to unmodeled dynamics. A cascade active disturbance rejection controller (ADRC) is used to counteract the adverse effects against system uncertainties. This approach does not require the accurate mathematical model of the controlled system and ensures that the reference input value can be tracked rapidly and accurately. The stability and safety of the aircraft is much improved in the event of uncertain input. Finally, the simulation results are given to show the effectiveness and performance of the developed method.
Introduction
Over the past decades, due to the increasing demands for reliability and survivability in modern aircraft, robust control has been widely developed and used in the flight control system [1, 2] . A novel integral sliding mode control (ISMC) scheme was proposed for actuator outage [3] . For an uncertain non-linear system, this scheme consisted of adaptive control method and matrix full-rank factorization technique, and was synthesized with fuzzy logic systems to guarantee better robustness of the system against actuator faults. In [4] , a robust algorithm based on MPC and H2 control theory was developed. In this work, the flight control law could follow independent parameters such as airspeed, sideslip angle, angle of attack, etc. [5] developed a new model reference adaptive control (MRAC) scheme for structural damage of aircraft, which used a discrete-time method to realize the flight control system. Several issues were addressed on damage aircraft, and the stability was also studied as well as asymptotic output tracking.
Moreover, a robust control method which consists of H∞ and µ-synthesis control to optimize between the robustness and performance requirements was pre-sented for a multi-variable aircraft [6] . In order to alleviate the chattering phenomenon and obtain good stability, [7] presented a FTC scheme used the interval type-2 fuzzy logic and sliding mode control methodology for coaxial tri-rotor helicopter.
In [8] , an adaptive global sliding mode control approach was proposed to address the problem of actuator malfunction of helicopter, and the quantum logic was used to increase the system accuracy. This work has a good identification performance and little time delay. Considering the wing flutter when actuator faults occur, a robust FTC was used to deal with actuator faults, parameter uncertainties and external disturbances. It consisted of neural network and H∞, and could suppress the wing flutter with better stability [9] . [10] Presented a novel body-centric modelling approach to a quad rotor UAV for the study of identification. By virtue of model parameters and data, acceleration tracking control strategy was investigated using a linear-quadratic (LQ) algorithm. Though many algorithms have been developed, the research of robust control is still a challenging with the complexity and nonlinearity of flight control system [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
The rest of the paper is organized as follows. Section 2 is focused on the dynamic model of the aircraft, and the statement of faulty aircraft. Section 3 describes the fault tolerant control strategy. Simulation results are presented and discussed in Section 4. Finally, a brief conclusion and future work are given in Section 5.
Problem Statement and Preliminaries
Consider the flight control system that will be influenced by modelling error and external disturbance, as follows: When the aircraft has unknown bounded perturbations which may be caused by disturbances or unmodeled dynamics, the presented controller guarantees the certain robustness for the perturbation or faults. That is to say, the controller is designed to ensure that the expression (1) is stable and has a good dynamic performance. Figure 1 shows the system block diagram of the Cascade ADRC method.
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The Cascade ADRC has a strong ability for decoupling and is adaptable to disturbance as it is independent of the accurate mathematical model of the controlled plant. It uses the external disturbance and the internal uncertainty of the control system as a disturbance while compensating the total disturbance for tracking in real time.
When the actuator failure occurs, the circuit change can be estimated by ESO, and used to compensate for the system dynamically since it includes the actuator fault and external disturbance. Then the dynamic and steady-state performance of the circuit can be obtained by the nonlinear configuration of the state feedback.
Assuming that the control system can be approximate to a second order model under the effect of Cascade ADRC, it can be expressed as: 
where b is the parameter of a controlled plant; g represents comprehensive characteristics combining with internal dynamics and external disturbances of the system; d is the external disturbances in the control loop; f is the extended state of the controlled plant, whose specific form of the expression is unknown.
ESO satisfies the following form: From (4), the controller is defined as the third order Cascade ADRC. Therefore, the control law 0 u can be expressed as:
Where r the reference is input variable of the system. 1 b and 2 b are the parameters of Cascade ADRC. Then the control signal of Cascade ADRC can be expressed as:
Substituting (6) to (3), when the ESO in (4) is tuned properly and 3 z f  , the control system is converted to a double integral serial link:
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From above, the parameters of the controller 1
The characteristic equation of (8) can be expressed, as:
Defining:
l and 3 l can be converted to the function of the observer bandwidth 0
Hence, we will obtain a good performance for Cascade ADRC by tuning 1
Simulation
In this section, an example of an aircraft model is presented to demonstrate the feasibility of the proposed control method. The MATLAB software is used for a couple of numerical simulations. For comparison, the results under normal and uncertainty are presented simultaneously. The control parameters are used as the follow- 
where q denotes the pitch rate, V denotes the velocity,  denotes the attack angle,  is the pitch angle, e  denotes the elevator deflection, and T  denotes the thrust.
Two scenarios are considered in the numerical simulations: a system uncertainty up to 30% and 60% of the nominal value is considered. In the first one, the dis-
d which is the white noise with intensity 0.3 are added into (1).
In Figure 2 , the disturbances are injected [15 , 20 ] s s and [30 ,35 ] s s respectively, which may lead to transient of aircraft. Using the proposed method, the system stabilizes asymptotically quickly.
Our future work is to apply the presented control method to an actual aircraft model with unexpected fast disturbance and strong uncertainties. The performance and effectiveness will be tested in and then it could be used in real aircrafts for a variety of tasks. The approach developed in this paper could also be used for hypersonic vehicle or missile control to overcome the system uncertainty, nonlinearity or parameter perturbation, improving both the tracking accuracy and the manoeuvrability.
